World food production has increased substantially in the past century, thanks mostly to the increase in the use of oil as input in the production processes. This growing use of fossil fuels has negative effects, both on the environment and the production costs. Fishing is a fuel consuming food production activity, and its energy efficiency performance has worsened over time. World-wide fisheries are also suffering from overexploitation, which contributes to the poor efficiency performance, adding more pressure and criticism on this economic activity. In this paper we analyzed the energy efficiency performance of more than 20,000 European Union (EU) fishing vessels for the period 2002-2008, using the edible energy return on investment (EROI) indicator. The vessels analyzed, grouped in 49 different fleets, represented 25% of the vessels and 33% of the landings of the EU fishing sector. These EU fishing fleets' average EROI for 2008 was 0.11, which translates to an energy content of the fuel burned that is 9 times greater than the edible energy content of the catch. Hence, the significance of this study arises from the use of time-series data on a relevant part of the EU fleet that showed stable or even slight improvements on the EROI over time. Moreover, results showed that the energy efficiency of the different fleets varied significantly (from 0.02 to 1.12), mainly depending on the fishing gear and the vessel length. The performance of the most efficient fleets, such as large pelagic trawlers and seiners, was comparable to many agricultural production activities. The plausible drivers behind these trends are further considered.
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Introduction
World food production has increased substantially in the past century, as has calorie intake per capita (Nellemann et al. 2009) . But this has happened at the cost of increasing the use of oil as input in the food production process. "Eating Oil" is the title of a book published in 1978 that investigates the extent to which food supply in industrialized countries relies on fossil fuels (Green 1978) . Not surprisingly, most studies on energy efficiency for food production were realized during the 70s and 80s, after the first oil crisis in 1973 (i.e. Leach 1976 Pimentel and Pimentel 1979; Pimentel et al. 1983; Cleveland et al. 1984; Hall et al. 1986 ). Nowadays, food supply worldwide is even more dependent on oil, and a lot more studies have populated the scientific literature (i.e. Dutilh and Kramer 2000; Tyedmers 2001 Tyedmers , 2004 Pelletier and Tyedmers 2007; Pelletier 2008; Schau et al. 2009; Fet et al. 2010 , Pelletier et al. 2010a , 2010b ).
The energy return on investment (EROI) is the ratio of the energy delivered by a process to the energy used directly and indirectly in that process (Leach 1976; Pimentel and Pimentel 1979; Pimentel et al. 1983; Cleveland et al. 1984; Hall et al. 1986 ). The EROI is generally used for measuring the efficiency of different technologies and sources of energy, expressed as the ratio of the gross energy return to the amount of energy invested (Mulder and Hagens 2008) .
Other names used for this concept are energy profit ratio, energy efficiency, energy gain (Tainter et al. 2003 ), net energy (Odum 1973) and energy payback (Keoleian 1998) .
Although originally the EROI indicator was a measure of the efficiency of different energy sources, the EROI ratio has also been used in food production processes to compare the energy extracted from the edible content of the food and the energy in the form of input requested for their production. The EROI analysis provides a quantitative result that can be 2 easily compared with other similar calculations . Therefore, the EROI indicator provides an objective measurement of the nourishment that can be produced by unit of energy spent (i.e. fuel combustion). This allows to compare the energy efficiency of different fleets without dependence on landing weights (that can provide partial vision due to large non edible contents, i.e. in mussels) or on their monetary values, and consequently, results can be objectively compared worldwide. It also allows comparison of the fishing sector with other sectors, such as livestock or aquaculture (i.e. Tyedmers 2004; Tyedmers et al. 2005) . Indeed, the ratio has been used in agriculture (i.e. Pimentel and Pimentel 1979; Pimentel et al. 1983 Fisheries have often been considered one of the less efficient food production activities (Wilson 1999) ; however, this generalization is not supported by the work of several authors (i.e. Tyedmers et al. 2005) . It has been estimated that fishing fleets around the world burn between 38 and 42.5 million tons of oil per year, accounting for about 1.2% of global oil consumption World Bank and FAO 2008) . Moreover, a general tendency of energy performance becoming poorer over time is evident from a number of fisheries around the world (i.e. Tyedmers 2001 Tyedmers , 2004 . Fisheries are suffering from poor profitability, mainly due to increasing fuel costs, as well as the increasing stocks overexploitation (i.e. Csirke 2005; Abernethy et al. 2010) . This implies that in order to extract the same amount of fish it is necessary to consume more oil. The energy efficiency of the different existing fleet segments varies significantly. Both the fishing gear/technique and the vessel length that characterize each 3 fleet segment affect the energy performance of the fleets (Thrane 2004; Ziegler and Valentinsson 2008; Driscoll and Tyedmers 2010) .
Because fuel combustion has adverse environmental impacts and also raises production costs, it is advisable to reduce fuel consumption, or at least consume it in the most efficient way possible. This is also valid for fisheries, where fuel often is the most important cost (FAO 1995; Dahou et al. 2001; Reddy 2004; FERM 2004; Sumaila et al. 2007; STECF 2010; Sumaila et al. 2010) . Under the Europe 2020 Strategy for smart, sustainable and inclusive growth (EC 2010), EU Member States have committed themselves to reducing greenhouse gas emissions (GHG) by 20% compared to 1990 levels , increasing the share of renewable sources in the EU's energy mix to 20%, and achieving a 20% increase in energy efficiency by 2020.
In this paper, by using public and comprehensive time series data we analyze the energy profiles of different EU fishing fleets with the edible Energy Return on Investment ratio. By doing this we do not just estimate the evolution of the EROI for different EU fleets, but we are in a position to identify the most efficient fishing techniques from the nourishment perspective.
Besides the obvious economic incentives, the use of more efficient fishing gears can contribute to the environmental sustainability. there is no other publication worldwide that periodically reports fisheries production and cost data at such levels of detail.
Materials & Methods
Data
For the current analysis, we considered only data for those fleet segments (a group of vessels belonging to the same length class and having the same predominant fishing gear during the year) for which full time series data for all the relevant variables (fuel consumption and weight of landings per species by fleet) were available. The analysis was performed at the fleet segment level and data from different countries were aggregated together. All main fleet segments were covered by the study: trawls and seines (demersal and pelagic), dredges, hooks, For the calculation of the edible EROI we divided the energy extracted from the edible content of the fish i by the energy consumed in the production process (equation 1). The former is calculated by multiplying the landings from each fleet by the energy content and the edible content of each fish species. The energy content of fresh seafood per species was assigned according to Dorosz (2010) and when no value for a species was reported, the value of 1,116
Kcal/kg was used as the average energy content (MAPA 1999) . Because not all the parts of a fish are edible, different edible fractions by species have been applied (Tyedmers, personal communication, 2010 ii ). Therefore, the boundary of this study is the EROI 1,d as classified in Murphy et al. (2011) iii .
The edible EROI for a fleet on a given year is calculated according to the following formula:
Where LW stands for the landings weight in Kg, FC for the fuel consumption in liters, Only the energy content of the edible content of fresh seafood has been accounted for in this study. This implies that co-product allocation (the use of fish parts not suitable or edible for human consumption, i.e. use in animal feeds) has not been taken into account. This is because data on the different consumption and processing patterns depend mostly on country/region and fleet (i.e. consumer preferences to buy the whole fish or fillets), as well as the processes coproducts are exposed. Consequently this data is rather difficult to obtain for such a diverse number of fleets. Therefore, the EROI estimated in this study corresponds to the EROI measure related to human-edible food energy return on industrially-mediated energy investment specified in Pelletier et al. (2011) .
Indirect energy use was excluded from the analysis due to the lack of data and only direct fuel consumption was used to calculate the relevant indicator. This is not a major shortcoming as 6 direct fuel use in fisheries account between 75 and 90%, regardless of the fishing gear used or the species targeted (Ziegler et al. 2003; Tyedmers 2004; Hospido and Tyedmers 2005; Pelletier et al. 2011) . Depending on the fishery, the remaining 10 to 25% is generally composed of other energy inputs associated with vessel construction and maintenance, the provision of labor, fishing gear, bait and ice, fish processing and transportation to the market (Rawitscher 1978; Watanabe and Uchida 1984; Tyedmers 2000; Andersen 2002; Ziegler et al. 2003; Fet et al. 2010 ). Moreover, we are interested in the comparison between fishing fleets and especially in trends in energy use and efficiency over time. Thus, the exclusion of indirect energy should not bias the results, but it should be noted that the estimated indicators are conservative with respect to the studies that consider also indirect energy use, by a magnitude of 10 to 25%.
Results
For the analyzed fleet segments, the landings weight and the fuel consumption have been An overview of the EROI estimated for the different fleets is presented in High values were also observed for dredges lower than 12 meters (0.20) and small vessels equipped with passive gears (0.38).
These important differences in the ratio between fishing gears and vessel lengths was in accordance with Thrane (2004) , who presented different energy consumption levels for nine These fleets target mainly sole, plaice (flatfishes) and shrimps which are species with high commercial value. On the other hand, pelagic trawlers and seiners larger than 40 meters, targeting low-value species such as herring, mackerel, sand-eels and sprat, had an EROI of 1.12.
From the results it can also be concluded that for each fishing technique, there was an optimal vessel length class, as can be seen in table 2. For pelagic and demersal trawlers and 8 seiners, the larger vessels were more energy efficient; whereas the opposite was occurring for beam trawlers and dredges.
Discussion
The reduction of greenhouse gas emissions and the efficient use of resources have become important political objectives in the agenda of the European Union. Clear incentives to reduce fuel consumption, or at least consume it in the most efficient way possible, start to appear in many sectors, including fisheries and food production. (-33%) is proportional to the one observed in the landings (-34%). The poor situation of the fish stocks is probably prevailing over advances in technology.
A general tendency for poorer outcomes on the energy performance of the fishing fleets over time has been documented (Tyedmers 2001 (Tyedmers , 2004 . Mitchell and Cleveland (1993) The difference between the two estimations could be attributed either to different energetic performances of the fishing fleets, or a different composition of the fishing fleets represented in the datasets herein and worldwide. This is an interesting topic that needs to be further investigated; one could deduce that given the current overexploitation of most EU fish stocks (EC 2009) the energy performance of the fleets exploiting them should be worse than the global one. This can at least in part be explained by the high fuel prices in the EU that works as an incentive to improve the energy efficiency (Cheilari et al. 2013 ).
Although fisheries have been considered a fuel intensive food production process as stated by Wilson (1999) , our results confirm Tyedmers (2004) and Tyedmers et al. (2005) conclusions that fisheries are not among the less fuel efficient food production activities. This conclusion does not change even if we consider a potential 25% overestimation on our results due to not accounting for the indirect energy uses (Pelletier et al. 2007 ). Comparing to other food production activities ( i The term fish refers to all aquatic organisms harvested by the fisheries: fish, mollusks, crustaceans. ii Includes data from Wiviot and Mathews 1975 , Bykov 1985 , Torry Research Station 1989 , and Crapo, Paust and Babbit 1993 iii Boundary for energy inputs is direct energy and material inputs, while the boundary for energy outputs is extraction. iv A 2.6% annual increase of the overall EROI is statistically significant at a 10% level, but not at a 5% level. v EROI values of the EU fleet taking into account the indirect energy use, which refers to the cumulative energy required in upstream processes associated with the production and delivery of such inputs, are 
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